Context: Chondroitin sulfate proteoglycans (CSPGs), a main component of the brain extracellular matrix, regulate developmental and adult neural functions that are highly relevant to the pathogenesis of schizophrenia. Such functions, together with marked expression of CSPGs in astrocytes within the normal human amygdala and evidence of a disruption of astrocytic functions in this disease, point to involvement of CSPG-glial interactions in schizophrenia.
T HE INVOLVEMENT IN SCHIZO-
phrenia of specific neurotransmitter/neuronalsystems such as the glutamatergic, GABA (␥-aminobutyric acid)-ergic, and dopaminergic systems is well established. [1] [2] [3] Emerging evidence also points to abnormalities affecting glial cells, particularly oligodendrocytes and astrocytes. 4, 5 Decreased expression of the extracellular matrix (ECM) glycoprotein reelin and abnormalities in a number of ECMrelated molecules have also been described in schizophrenia, raising the possibility that interactions between cellular and ECM abnormalities may play a role in the pathogenesis of this disease. [6] [7] [8] The neural ECM has a unique molecular composition, with a hyaluronic acid scaffold associated with glycoproteins and proteoglycans that regulate its molecular properties. Chondroitin sulfate proteoglycans (CSPGs), one of the main components of the brain ECM, are thought to function as organizers of the neural ECM 9 and constitute one of the main components of perineuronal nets (PNNs), ECM aggregates enveloping neuronal soma and dendrites and known to play a crucial role in the regulation of neuronal functions in adults. 9, 10 The CSPGs are synthesized by several neuronal and glial cell populations and subsequently secreted into the ECM. We have shown that a subpopula-tion of astrocytes in the human amygdala expresses CSPGs. 11 Several key CSPG functions bear direct relevance to the pathophysiology of schizophrenia. Neuronal migration, one of the main known CSPG functions during development, is thought to be affected in this disease. 12 Regulatory CSPG functions over synaptic maturation and stabilization, neural circuit formation, and structural plasticity 10 resonate with hypotheses postulating a disruption of connectivity and synaptic functions in schizophrenia. The PNNs predominantly surround neurons that express parvalbumin (PVB), which are affected in schizophrenia. 13 Finally, interactions between CSPGs and the glutamatergic, GABAergic, and dopaminergic systems include CSPG guidance of dopaminergic axons, PNN regulation of the physiological properties of PVB-positive neurons as well as glutamatergic and GABAergic modulation of CSPG expression and PNN formation. 14, 15 The involvement of CSPGs in the pathogenesis of schizophrenia has not been investigated thus far. In this postmortem study, we tested the hypothesis that schizophrenia may be associated with CSPG abnormalities in the amygdala and entorhinal cortex (ECx), 2 regions known to be affected in this disorder [16] [17] [18] [19] and in which the relationships between PVB-positive neurons, PNNs, CSPG-positive glial cells, and astrocytes have been extensively investigated in humans. 11, 17, [20] [21] [22] [23] To assess the involvement of glial cells in CSPG abnormalities, we measured numerical densities of CSPG-positive glial cells. Because in the normal amygdala virtually all CSPGpositive cells also expressed glial fibrillary acidic protein (GFAP), 11 numerical densities of GFAP-positive astrocytes were quantified to confirm that increased numerical densities of CSPG-positive glial cells do not reflect astrocytosis. To test whether increases in CSPG-positive glial cells are associated with CSPG changes within the ECM, we measured numerical densities of PNNs. Total numbers of PVB-positive neurons were measured in the deep amygdala nuclei 21 to determine whether PNN changes reflect ECM abnormalities or loss of PNN-associated neurons. A group of subjects with bipolar disorder was included to test whether CSPG abnormalities are specific to schizophrenia or represent a feature shared among major psychoses. Expression of versican, aggrecan, brevican, neurocan, and phosphacan messenger RNA (mRNA), encoding for 5 of the CSPGs most commonly expressed in the neural ECM, was measured in the basal nucleus of the amygdala (BN) in a separate cohort of control and schizophrenic subjects.
METHODS

HUMAN SUBJECTS
Tissue blocks containing the whole amygdala and ECx from 11 donors with schizophrenia, 11 with bipolar disorder, and 15 control donors were used for histochemical and immunocytochemical investigations. Additional tissue blocks from 10 healthy control and 10 schizophrenic subjects were used for quantitative real-time polymerase chain reaction (qRT-PCR). All tissue blocks were obtained from the Harvard Brain Tissue Resource Center, McLean Hospital, Belmont, Massachusetts ( Table 1 and Table 2 ; eTable 1 and eTable 2; http://www .archgenpsychiatry.com). Diagnoses were made by retrospective review of medical records and an extensive questionnaire about social and medical history provided by family members Abbreviations: 6-mo CPZ, chlorpromazine-equivalent dose of antipsychotics during last 6 months of life; ECT, electroconvulsive therapy; 6-mo LI, total grams of lithium during the last 6 months of life; LSD, lysergic acid diethylamide; LT CPZ, CPZ-equivalent dose of antipsychotics during the subject's lifetime; LT LI, total grams of LI during subject's lifetime; NK, not known; SSRI, selective serotonin-reuptake inhibitor; VPA, valproic acid use over the subject's lifetime.
a We analyzed medical records for exposure to various classes of psychotropic and neurotropic drugs. Estimated daily milligram doses of antipsychotic drugs were converted to the approximate equivalent of chlorpromazine as a standard comparator 24 and corrected on the basis of a qualitative assessment of treatment adherence based on taking prescribed psychotropic medicines more or less than approximately half of the time, as indicated by the extensive antemortem clinical records. Exposure to lithium salt was estimated in the same manner.
b Data on nicotine and alcohol exposure were only available for subjects with schizophrenia or bipolar disorder; on the basis of the subjects' records, exposure was considered absent, low, moderate, or high (rated on a scale of 1-4) as well as present or absent during the last 10 years of life.
of the donor. Two psychiatrists reviewed all records and applied the criteria of Feighner et al 25 for the diagnosis of schizophrenia and DSM-III-R for the diagnosis of bipolar disorder. Several regions from each brain were examined by a neuropathologist. The cohort used for this study did not include subjects with neuropathological or clinical evidence of gross and/or macroscopic brain changes consistent with Alzheimer disease, cerebrovascular accident, or lacking sufficient medical records. A modified Bielchowsky stain was used to test for Alzheimer disease. Subjects with Braak stages III or higher were not included in our cohort.
TISSUE PROCESSING AND HISTOCHEMICAL/ IMMUNOCYTOCHEMICAL PROCEDURES
Tissue blocks for histochemistry/immunocytochemistry were processed as previously described. 21, 26 All sections (40 µm) within a compartment per subject were selected for each marker (ie, PVB, GFAP, CSPG), thus respecting the equal opportunity rule. 27, 28 Histochemical labeling for CSPGs was obtained using biotinylated Wisteria floribunda agglutinin (WFA) as described previously. 11 Wisteria floribunda agglutinin selectively binds to N-acetyl-galactosamine, [29] [30] [31] [32] a molecule specifically represented in the glycosaminoglycan chains characteristic of CSPGs. 33 Immunocytochemical detection of GFAP and PVB was performed as previously described 11, 21 using a monoclonal primary antisera raised in mouse against GFAP (1:8000 µL, G 3893; Sigma-Aldrich, St Louis, Missouri) and a monoclonal anti-PVB antibody (48 hours at 4°C, 1:10 000, P3088; SigmaAldrich), respectively. All sections were coverslipped and coded for quantitative analysis blinded to diagnosis. Sections from all brains included in the study were processed simultaneously to avoid procedural differences. Omission of streptavidin or biotinylated WFA, or replacement of biotinylated WFA with an unconjugated form (Vector Laboratories, Burlingame, California), or omission of the primary (GFAP or PVB) or secondary antibodies did not result in detectable signal.
CHONDROITINASE ABC DIGESTION
Following antigen unmasking with citric acid buffer, as above, sections were incubated overnight at 37°C in chondroitinase buffer (1:8 chondroitinase ABC, 10 mU/µL, C-2905 [SigmaAldrich] in 50mM Tris, pH 8.0, 60mM sodium acetate, 0.02% bovine albumin serum). Sections were then rinsed in phosphate buffer and processed for WFA histochemistry.
QUALITATIVE REAL-TIME POLYMERASE CHAIN REACTION
Levels of mRNA coding for the CSPGs versican, brevican, neurocan, aggrecan, and phosphacan were measured in tissue samples of the BN using standard qRT-PCR assay (supplementary Methods are available at http://www.archgenpsychiatry.com).
DATA COLLECTION
Numerical densities of WFA-positive glial cells and PNNs were assessed in the lateral (LN), BN, accessory basal (AB), and cortical (CO) nuclei of the amygdala and the lateral (ECx-L), rostral (ECx-R), intermediate (ECx-I), and caudal (ECx-C) subregions of the ECx (subdivided into 6 cortical layers) and identified on the basis of morphological criteria (eFigure 1, B and C; http://www.archgenpsychiatry.com). Astrocytes expressing GFAP (eFigure 1D) were counted in the LN, BN, ABN, and CO and layer II of all ECx subdivisions. The other ECx layers were not considered for GFAP counts because changes in CSPG-positive glial cells were only detected in layer II. Total numbers and numerical densities of PVB-positive neurons were assessed in all amygdalar subdivisions. A Zeiss Axioskop 2 Plus (Carl Zeiss MicroImaging Inc, Thornwood, New York) interfaced with StereoInvestigator 6.0 (Microbrightfield Inc, Williston, Vermont) was used for analysis. Intrarater reliability of at least 95% was established before the actual quantification process was begun and assessed on a regular basis throughout the quantification process (H.P.). Each traced region was systematically scanned through the full x-, y-, and zaxes to count each PVB-, WFA-, and GFAP-labeled element within the traced borders of each amygdala nucleus and ECx subdivision/layer.
Amygdala
The borders of the LN, BN, AB, and CO nuclei of the amygdala ( Figure 1) were identified in sections counterstained with methyl green nuclear stain (WFA labeled sections) and adjacent Nisslstained sections according to cytoarchitectonic criteria as described by Amaral et al 34 and Sims and Williams. 35 The nomenclature adopted was that used by Sorvari et al. 36 The intercalated cell masses were not included within the borders of these nuclei. The paralaminar nucleus could not be distinguished reliably from the ventral BN and was included within its borders. The central, medial, and anterior nuclei could not be considered in quantitative investigations because their dorsomedial portion was damaged in a number of samples. Glial cells and PNNs labeled with WFA and GFAP-immunoreactive (IR) cells were counted in 4 sections per subject, selected across the rostral to caudal extent of the amygdala. Particular care was taken to match the rostrocaudal level of each section across all subjects according exclusively to well-identifiable morphological and cytoarchitectonic criteria and under conditions strictly blind to diagnosis. Neurons expressing PVB were counted over complete sets of serial sections (6-10 sections) representing the whole extent of the amygdala from each subject (section interval, 1040 µm).
Entorhinal Cortex
Entorhinal cortex subdivisions were identified in 3 sections per subject according to the well-established criteria of Insausti et al 21, 37 and under conditions strictly blind to diagnosis. Briefly, the most rostral section included the ECx-R and the rostral portion of the ECx-L. The middle section contained the ECx-I and the caudal portion of the ECx-L. The third, most caudal section contained the ECx-C and was located rostrally to the transitional zone that defines the distinct features of the caudal limiting subdivision of the ECx. Within these subdivisions, cortical layers were identified according to the criteria of Insausti et al. 37 Particular care was taken to match the rostro-caudal level of each section across all subjects.
NUMERICAL DENSITIES AND TOTAL NUMBER ESTIMATES
Total number (N) of PVB-IR neurons was calculated as N=i ϫ ⌺n, where ⌺nisthe sum of the cells counted in each subject and i is the section interval (ie, number of serial sections between each section and the next within each compartment,ie 26). 26 Numerical densities of PVB were calculated as Nv= ͚N/͚V, where V is the volume of each amygdala nucleus, calculated as V=z ϫ ssf ϫ ⌺a, where z is the thickness of the section (40 µm), ssf is the section sampling fraction (1/13; ie, number of serial sections between each section and the following one within a compartment), and a is the area of the region of interest (eg, amygdala nucleus or ECx subdivision or layer).
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Numerical densities (Nv) of GFAP-positive cells and WFAlabeled glial cells and PNNs were calculated as Nv=⌺n/V s , where ⌺n is the sum of the number of neurons counted in a subregion and V s the fraction of volume of each subregion contained within the each section examined (V s =z ϫ a s , where a s is the surface area of the subregion examined within a section).
STATISTICAL ANALYSIS
Differences between groups relative to the main outcome measures in each of the regions examined were assessed for statistical significance using a stepwise linear regression process. A logarithmic transformation was uniformly applied to all original values because the data were not normally distributed. Statistical analyses were performed using JMP v5.0.1a (SAS Institute Inc, Cary, North Carolina). Each marker and region combination was treated as a univariate outcome; thus, our results are to be interpreted separately for each combination. We first fit the most complex linear model with diagnoses and all covariates. These models are analyses of covariance, ie, analyses of variance models for the diagnostic effects that also account simultaneously for the possible effects of the other covariates. We then used model selection criteria based on likelihood ratio tests that compared complex models with simpler models nested within them. Subjects with bipolar disorder and schizophrenia were first compared separately with healthy controls. Subsequently, the 3 groups were considered together to test for differences between diagnostic groups and Bonferroni corrected for multiple comparisons. Age, sex, postmortem time interval, hemisphere, cause of death (acute, eg, myocardial infarction or chronic, eg, cancer), brain weight, exposure to alcohol or nicotine, electroconvulsive therapy, and lifetime and final 6 months' exposure to antipsychotic drugs and lithium treatment were tested systematically for their effects on the main outcome measures and included in the model if they significantly improved the model goodness-of-fit. Subtypes of schizophrenia (eg, paranoid, catatonic, disorganized) and levels of functioning indexes (ie, capability of living independently, marital and employment status), could be not tested reliably because the number of subjects in each category was too low. However, these variables were taken into account as a possible explanation when apparent clustering of subjects was observed. Sensitivity analysis was performed for all models to identify potential influential observations. This analysis was intended to address potential issues relative to sample size. Each model was refit when each subject was removed and then replaced. Cronbach ␣ was used to measure internal data consistency and reliability (0indicatescompletely unreliable; 1,completely reliable), using amygdalar nuclei and ECx subdivisions as repeated measures.
RESULTS
WFA-LABELED GLIAL CELLS
In subjects with schizophrenia, numerical densities of WFApositive glial cells were significantly increased in the deep amygdala nuclei (LN, P=.004, 794%; BN, PϽ.001, 1162%; AB, P=.01, 991%; CO, PϽ.001, 419%) ( Figure 2 and Figure 3 ; Table 3 ), as well as in layer II of the ECx-L (P=.008, 480%), ECx-R (P=.01, 586%), ECx-C (P=.02, 567%), and layer III of the ECx-L (P = .03, 1560%) (Figures 1, 2 , and 3, A and C; Table 3 ). No changes were detected in other ECx layers. Sensitivity analyses show that the significance of the diagnostic effect for amygdala nuclei varied from .001 to .01 for LN, Ͻ.001 to .004 for BN, .002 to .03 for ABN, and Ͻ.001 to .002 for CO, all well below .05. Blind subjective observations suggest that numbers of WFA-positive glial cells are also massively increased in the superficial amygdala nuclei, particularly in the anterior, central, and medial nuclei (Figure 1 ). Quantitative assessments in the superficial nuclei could not be performed reliably because some samples did not include their mediodorsal portion. In subjects with bipolar disorder, a more modest increase of WFA-positive glial cells was detected only in the LN (P=.04, 112%). In the ECx, WFA-positive glial cells were decreased in layer III of the ECx-L (P = .02, −51%) (Figure 2 ; Table 3 ).
GFAP-POSITIVE GLIAL CELLS
No significant changes were detected in the schizophrenia and bipolar disorder groups compared with controls in any of the subdivisions and layers examined (Figure 3; eTable 3 ).
PERINEURONAL NETS
In subjects with schizophrenia, numerical densities of PNNs were markedly decreased in the LN (62%; P=.01) and layer II of ECx-L (P=.004; 65%) (Figure 4; Table 4 ). In subjects with bipolar disorder, the numerical density of PNNs was decreased only in layer II of ECx-C (P=.04; 54%) ( Figure 4 ; Table 4 ). Notably, in healthy human subjects, LN and ECx superficial layers contain by far the highest densities of PNNs. 20, 22 Thus, lack of PNN changes in amygdalar and ECx subdivisions other than the LN and ECx superficial layers is to be expected, even in the presence of more encompassing CSPG-positive glial abnormalities.
PVB-POSITIVE NEURONS
Numerical densities (cells/mm
3 ) and total numbers of PVB-positive neurons were not significantly altered in the amygdalas of subjects with schizophrenia or bipolar disorder ( Figure 4 and eTable 4).
EFFECTS OF CONFOUNDING VARIABLES
Schizophrenia
In the BN, significance values for CSPG-positive glial cells were adjusted for lifetime exposure to antipsychotics (P=.006; t=−3.02) and postmortem time interval (P=.007; t=−2.97) ( Table 3 ). The negative effects of these covariates, confirmed by negative correlations with the main out- come measure, indicate that antipsychotic exposure and postmortem time interval tend to decrease CSPG-positive glial cells in BN and are, therefore, unlikely to be responsible for the observed increase. Significance values for ECx-L layer III were adjusted for the effects of age (t=2.21; P=.04) and age ϫ diagnosis (t=2.22; P=.04), and values for layer II ECx-C were adjusted for the effect of age (t=2.38; P=.03). No covariates showed significant effects on CSPGpositive glial cells in any other amygdala and ECx subregions. None of the covariates tested showed significant effects on PNNs or PVB-IR neurons in any of the amygdala and ECx subdivisions examined (Tables 4; eTable 4) . Notably, exposure to antipsychotic drugs (lifetime or last 6 months of life), electroconvulsive therapy, duration of illness, and age at illness onset did not significantly correlate with numerical densities of CSPG-positive glial cells and PNNs in subjects with schizophrenia and did not significantly affect differences between groups in stepwise linear regression models. Cause of death had a significant effect on numerical densities of GFAP-IR cells but did not affect comparisons between diagnosis groups.
Bipolar Disorder
None of the covariates considered had statistically significant effects on numerical densities of CSPGpositive glial cells in the LN. Statistical significance values for CSPG-positive cells in layer III of ECx-L were adjusted for effect of lifetime exposure to lithium (t = 2.59; P = .02). Correlations between these parameters were positive, but did not reach statistical significance, suggesting perhaps a mild corrective effect of lithium treatment. Brain weight and postmortem time interval were included as covariates in linear regression models testing the effect of diagnosis on volume of amygdala nuclei (eTable 4). No other covariates showed significant effects.
Schizophrenia and Bipolar Disorder
Values for CSPG-positive glial cells and PNNs in the schizophrenia and bipolar disorder groups (Figure 2 and Figure 4) show possibly bimodal distributions, suggesting the presence of distinct subgroups of subjects with schizophrenia and/or bipolar disorder. However, sensitivity analyses, together with a review of the medical records including exposure to antipsychotics and other psychotropic drugs, lithium salts, anticholinergic drugs, electroconvulsive therapy, response to treatment, age at onset, duration of the illness, prevalence of negative or positive symptoms, subtypes of schizophrenia, levels of functioning, exposure to alcohol, nicotine, or other drugs of abuse, and history of birth complications did not provide distinguishing features that may characterize distinct subpopulations. 
DATA RELIABILITY ANALYSIS
In the amygdala, Cronbach ␣ values were as follows: for healthy control subjects, .613; schizophrenic subjects, .842; subjects with bipolar disorder, .745; and all 3 groups combined, .864. In the ECx, Cronbach ␣ values were .924 for healthy control subjects; .776 for schizophrenic subjects;
.829 for subjects with bipolar disorder; and .860 for all 3 groups combined.
EFFECTS OF CHONDROITINASE ABC TREATMENT
Pretreatment with chondroitinase ABC, an enzyme known to degrade chondroitin sulfate glycosaminoglycan chains, ie, the binding site of WFA, abolished WFA labeling of glial cells and PNNs in the amygdala and ECx (Figure 3 ). Labeling with WFA of bordering epithelium and/or blood vessels, detected in a small number of subjects in each group (Figure 1 ), was not affected by treatment with chondroitinase ABC.
CSPG mRNA EXPRESSION IN THE BN
In the BN, the expression of mRNA coding for 5 distinct CSPGs was increased in subjects with schizophrenia compared with healthy control subjects. In particular, we detected a 2.03-fold increase in versican mRNA (P=.05); 1.52-fold, neurocan mRNA; 1.43-fold, brevican mRNA;
1.31-fold, aggrecan mRNA; and 1.55-fold, phosphacan (PTPRZ1) mRNA (eTable 5).
COMMENTS
Glial cells expressing CSPGs were massively increased in the deep nuclei of the amygdala and in ECx layer II of subjects with schizophrenia. These changes were not accompanied by increases in GFAP-positive astrocytes. Reductions of PNNs were instead detected in the LN and layer II of the ECx-L in the absence of altered PVB-positive neuron numbers, a finding consistent with CSPG anomalies within the ECM, rather than loss of PNN-associated neurons. These results point to substantial, specific anomalies affecting CSPG expression in glial cells and ECM perineuronal aggregates in schizophrenia but not bipolar disorder. The functional relevance to schizophrenia of molecules and cell populations found to be affected, combined with effect sizes unusually large for this disease (CSPG-positive glial cell increases, 419%-1560%), suggest that a glial/ECM disruption may play a fundamental role in the pathophysiology of schizophrenia.
TECHNICAL CONSIDERATIONS
In previous studies, the total number of Nissl-stained neurons and volume of the LN, BN, ABN, and CO and the vol- a Significance values were derived from stepwise regression models. Significance values and percentage of difference refer to comparisons with the control group. Degrees of freedom are 1, 25, except where modified for significant covariate effects.
b Significance values for the basal nucleus were adjusted for the effects of lifetime exposure to antipsychotics (chlorpromazine equivalent; F= 9.12; P =.006) and postmortem time interval (F =8.82; P =.007); for ECx-L layer III, effects of age (F = 4.88; P = .04) and ageϫ diagnosis (F= 4.93; P= .04); and for layer II ECx-C, effect of age (F= 5.66; P = .03). No covariates were found to have significant effects and to improve the goodness of fit of the model.
c Adjusted for effect of lifetime exposure to lithium (F =6.71; P = .02).
ARCH GEN PSYCHIATRY/ VOL 67 (NO. 2), FEB 2010 WWW.ARCHGENPSYCHIATRY.COM 162 ume of the ECx were not found to be altered in a largely overlapping cohort of subjects with schizophrenia. 21, 26 In the present study, changes in numerical densities of labeled elements, or lack thereof, in these subjects are thus not likely to be due to volumetric abnormalities. This interpretation is supported by the fact that increases, decreases, and no changes were found in the same regions of subjects with schizophrenia and that both total numbers and numerical densities of PVB-positive neurons were unaltered. In contrast to the massive increases in WFAlabeled glial cells detected in schizophrenia, subjects with bipolar disorder presented modest increases in these cells only in the LN (Table 3 ). The volume of this nucleus was found to be reduced in the same cohort of subjects with bipolar disorder 26 (eTable 4), raising the possibility that increased numerical density of WFA-labeled glial cells in the LN of subjects with bipolar disorder may be, at least in part, an effect of volumetric reduction rather than increased numbers of CSPG-positive cells.
The lectin WFA, isolated from the seeds of Wisteria floribunda, was used to detect CSPGs. The specificity of WFA as a marker for these macromolecules is supported by extensive literature as well as the present findings. 14, [38] [39] [40] [41] In this study, a subsample of sections was treated with chondroitinase ABC. This enzyme degrades the binding site of WFA and is routinely used to investigate the effects of CSPG elimination. 14, [42] [43] [44] [45] Virtually complete abolition of WFA labeling following preincubation with chondroitinase ABC confirms the specificity of WFA for CSPGs and supports the claim that, in our study, WFA-positive cells correspond to cells expressing CSPGs. Further support comes from qRT-PCR results in the BN that showed increased mRNA levels for 5 of the major CSPGs expressed in the neural ECM.
We have recently shown that, in the normal human amygdala, virtually all cells with intracellular CSPG labeling also express GFAP and thus correspond to astrocytes. 11 In the present study, blind subjective observations suggest that the morphological characteristics of WFA-labeled cells were homogeneous within each subject and indistinguishable between groups. While these findings suggests that astrocytes may be the main glial population affected by CSPG changes in schizophrenia, it is possible that other macroglial cell types with mor- phological characteristics similar to those typical of astrocytes, eg, NG2-glia, 46 may also be involved. This possibility is currently being investigated.
CSPG ABNORMALITIES IN SUBJECTS WITH SCHIZOPHRENIA
In subjects with schizophrenia, increased numbers of CSPG-positive glial cells in the absence of astrocytosis may reflect induction of CSPG expression in cells that do not express these molecules constitutively or overexpression in cells normally expressing them at low levels, perhaps caused by impaired secretion, increased internalization, and/or overproduction; the latter is consistent with increased RNA expression detected in the BN. Interestingly, at least 2 growth factors found to be involved in schizophrenia, ie, epidermal growth factor and transforming growth factor-␤1, have been shown to affect astrocytic CSPG expression, [47] [48] [49] [50] [51] [52] [53] and the gene encoding for the CSPG phosphacan (PTPRZ1) has been recently identified as a potential schizophrenia susceptibility gene. 8 Together, these findings point to dysregulation of CSPG expression in astrocytes of subjects with schizophrenia.
Such dysregulation was postulated in this study to affect the availability of CSPGs in the ECM. Decreases in PNNs, the ECM form most extensively studied in adults, support this hypothesis and suggest reduced CSPG levels in the ECM of subjects with schizophrenia. Abnormalities relative to CSPG-positive glial cells and PNNs did not vary with duration of illness or age at onset of illness, indicating that they do not result from nonspecific effects of chronic illness but may instead be inherent to the disease. If these abnormalities were present during development, altered CSPG availability may interfere with neuronal migration, axon outgrowth, synaptic maturation, and the formation of PNNs. Consistent with a developmental abnormality is the slow turnover and stability of mature PNNs, 10 which may not be substantially affected by subsequent changes in CSPG levels. Interestingly, the organization of CSPGs into PNNs was shown to control the closure of critical periods, determining the stabilization of successful neural circuits and limiting further plasticity. 45 A disruption of CSPG expression and PNN formation in schizophrenia may thus contribute to miswiring and, speculatively, to unstable, unregulated synaptic formation, undermining information processing. Impaired PNN functions in adulthood, such as modulation of neuronal excitability and gap junction transmission, 14,54 may further compromise neural functions. In the adult ECM, CSPG abnormalities are also likely to alter volume transmission properties, thus affecting a range of physical and chemical signals, a notable example being dopamine. 55 The pathophysiology of schizophrenia may thus result from complex interactions between neuronal, glial, and ECM components.
The expression of CSPGs is dynamically regulated by a number of physiological stimuli including neuronal activity. 9, 10, 47, 56, 57 Their broad range of functions and responsivity to physiological stimuli may account for the high degree of variability in our study. Specific CSPGs also play an important role in the response to specific types of brain injuries. 33, [57] [58] [59] [60] It is thus important to consider whether, in a Significance values were derived from stepwise regression models and refer to comparisons with the control group. No other covariates tested were found to have significant effects and to improve the goodness of fit of the relative models.
our samples, increases in CSPG-positive glial cells may be attributable to a schizophrenia-specific anomalous regulation of CSPG expression or reflect, instead, a less specific pathological state. Several considerations support the specificity of these findings. First, the control, schizophrenia, and bipolar disorder groups in this study were well matched for age (Table 1) , and duration of the illness was similar for the latter 2 groups (Table 2) . Second, no evidence of reactive astrocytosis was detected in this study. This result is consistent with the broadly agreed-on view that astrocytosis is not an intrinsic feature of the pathogenesis of schizophrenia. 19, [61] [62] [63] [64] In particular, the occurrence of astrocytosis has been ruled out in the ECx and amygdala of subjects with this disorder. 62, 65, 66 Third, the cohort used for our studies does not include subjects with evidence of gross and/or macroscopic brain changes and/or clinical history consistent with Alzheimer disease or cerebrovascular accidents. Lack of correlation between increases in WFA-labeled cells in schizophrenia and electroshock treatment and negative history of epilepsy in the schizophrenia group also contributed to rule out non-disease-specific factors. Fourth, the spatial distribution of WFA-labeled glial cells in schizophrenia, widespread to several regions and yet segregated within identifiable subregions in all subjects, eg, ECx layer II cell clusters (Figure 1 and Figure 3 , A and C), is not consistent with the random effects of concurrent brain injuries. These considerations support the hypothesis that increases in glial cells that express CSPGs and decreases in PNNs may represent an intrinsic pathological feature of schizophrenia.
Our results provide further evidence of the involvement of the amygdala and ECx in schizophrenia. Presence of CSPG abnormalities in other medial temporal regions is consistent with the widespread distribution of the observed changes in this study ( Figure 1 ) and is currently being investigated. As an example of the relevance the present findings may have to the pathophysiology of schizophrenia, we note that CSPG abnormalities in ECx were selective for layer II cell clusters (Figure 1 and Figure 3 , A and C), matching several reports of abnormal cytoarchitecture and position of these cell clusters in schizophrenia 67 that are thought to arise from migrational disturbances. 68 We postulate that CSPG abnormalities may contribute to disruption of ECx and amygdalar functions, resulting in cognitive impairment, reduction of emotional expression and perception, and increased emotional reactivity, anxiety, and arousal in subjects with schizophrenia. 17, [69] [70] [71] In conclusion, we report massive CSPG abnormalities in glial cells and ECM in deep amygdalar nuclei and ECx layer II cell clusters. Compelling evidence of key CSPG functions during development and adulthood suggests that these abnormalities may contribute to interdependent neuronal, glial, and ECM changes in schizophrenia as well as to pathophysiological differences between this disease and bipolar disorder. 
